Cobalt-polymer magnetic nanocomposites have been synthesized and characterized for their microstructure and properties such as permeability, permittivity, dielectric and magnetic losses from 100 MHz to 2 GHz to study their suitability as antenna dielectrics. Oxide-passivated cobalt nanoparticles were dispersed in epoxies to form nanocomposite toroids and thin-film resonator structures on organic substrates. Permeabilities of 2.10 and 2.65 were measured up to 500 MHz, respectively, with 25-nm to 50-nm and 5-nm nanoparticles in the nanocomposites. The loss tangent ranged from 0.02 to 0.04 at these frequencies. A combination of stable permeability of $2 at 1 GHz to 2 GHz and permittivity of $7 was achieved with nanocomposites having 5-nm nanoparticles. The magnetic nanomaterials described in this paper can overcome the limitations from domain-wall and eddy-current losses in microscale metal-polymer composites, leading to enhanced frequency stability. The paper also demonstrates integration of metal-polymer nanocomposites as thin-film build-up layers with two-metal-layer structures on organic substrates.
INTRODUCTION
Current and emerging radiofrequency (RF) subsystems need materials and structures with higher permittivity and permeability along with frequency and thermal stability, and low loss. These properties are critical for component and system performance enhancement, system integration, and miniaturization. 1 Existing RF materials such as low-temperature cofired ceramics (LTCCs) and polymer dielectrics show fundamental limitations in terms of component miniaturization because of their inferior properties such as low permittivity and absence of magnetic properties. Enhancement in permittivity or permeability usually comes at the expense of dielectric loss, and temperature and frequency dependence of properties, which makes them unsuitable for use in high-performance RF components. 2 Amongst the RF components, the antenna is still considered a major barrier to system miniaturization because the performance of an antenna is directly dependent on its physical size. 3 To decrease the size of an antenna, it has to be surrounded by a material with either high permittivity (e) or permeability (l), which would shorten the wavelength by a factor of 1= ffiffiffiffiffi el p 4,5 and lead to miniaturized designs. Over the past decade, the materials employed in high-frequency planar antennas were mostly limited to thick-film LTCCs 6, 7 owing to their low loss, stable properties, and partial integration capability, although end-systems made using these technologies are still bulky and costly. Polymer dielectrics, on the other hand, provide the benefits of low-cost manufacturing and total integration capabilities with other polymer-based systems. However, traditional organic materials such as epoxies have high electrical losses at high frequencies, while low-loss organics based on fluoropolymers, benzocyclobutene (BCB), and others have low permittivity and no magnetic properties. These limitations lead to large component designs, and also make it extremely difficult to build integrated high-performance front-end modules. 8, 9 Magnetic films provide unique opportunities to address the fundamental limitations of traditional RF dielectrics. In addition to enhancing the inductance density through higher permeability, magnetic films can also potentially lead to a dramatic reduction in antenna size because of their combined effect of high permittivity and permeability. Compared with traditional polymer dielectrics, increases in the permeability and permittivity by fourfold in magnetic nanocomposites can reduce antenna dimensions by a factor of four, resulting in significant antenna miniaturization. By tuning the formulation, materials can be designed to have lower permittivity-to-permeability ratio to achieve good impedance matching with that of free space. 10 The antenna bandwidth on such magnetic substrates will therefore be wider than that with high-permittivity dielectric substrates [11] [12] [13] that provide the same miniaturization from the permittivity alone. The high permeability suppresses backscattering and improves the radiation efficiency, resulting in further performance enhancement. 2 Magnetic materials have been widely studied at frequencies above 100 MHz. They are classified into ferrites, microscale metal composites, nanoscale metal composites, and anisotropic composite structures and are briefly reviewed here in these categories.
Compounds of ferrites and other oxides are widely used for microwave applications such as circulators, isolators, and phase-shifters because of their higher resistivity resulting in lower eddy-current losses and frequency stability.
14 Recent study showed stable properties in nanocomposites containing ferrite nanoparticles, with permeabilities of 5 to 10 up to 15 GHz. 15 Compounds based on BaO, Fe 2 O 3 , and other oxides (MO, M = Co, Ni, etc.) with hexagonal structures are more suited for high-frequency applications. 16 [17] [18] [19] Co 2 Z hexaferrites showed permeability of above 10 at 300 MHz to 400 MHz. 19 Permeability of $2 with loss of 0.03 has been shown for ferrite-glass nanocomposites with frequency stability of up to 2 GHz to 3 GHz. 18 Traditional metal-based magnetic composites at submicro-or microscale also do not show adequate frequency stability and low loss. The eddy-current losses are directly proportional to the particle size and are therefore higher for microscale particles 20 compared with nanoparticles. Larger particles also have multiple domains which generate additional losses due to domain-wall resonance. 21 Several studies on magnetic metal-polymer composites have been reported, particularly focusing on the iron-polymer and NiFe-polymer systems. [22] [23] [24] [25] With large, microsized particles, permeabilities of above 100 are reported. These particles show lower coercivity and higher intrinsic permeability. However, the magnetic losses become significant even at 1 MHz.
The frequency stability of microscale composites can be enhanced with anisotropic structures. Studies on NiFe alloy flake-polymer nanocomposites showed permeabilities of 5 to 10 with losses of above 0.1 at 1 GHz. 26 In another study by Yang et al., 27 oriented flake-shaped Fe alloy particles mixed in a paraffin matrix showed permeability of 8 at 100 MHz and 3.9 up to 2 GHz. Oriented ferrite films with hard axis in the direction perpendicular to the film plane have also been shown to have enhanced frequency stability. 28 Magnetic materials that comprise nanoscale metal particles in an amorphous matrix provide unique opportunities to address the fundamental limitations of microscale magnetic materials. Higher permeability and frequency stability can be achieved in magnetic nanocomposites by reducing the particle size and the separation between neighboring metal particles down to the nanoscale, which leads to magnetic exchange coupling phenomena; 29, 30 For example, Co-or Fe-based nanocomposites show much higher permeability and frequency stability at microwave frequencies than those obtained from bulk Co or Fe metal or their microscale composites. 31 The exchange coupling interaction, which leads to magnetic ordering within a grain, extends out to the neighboring environments within a characteristic distance, l ex , which is $20 nm for Fe or Co. 32, 33 The exchange interaction in nanocomposites also leads to cancelation of the magnetic anisotropy of individual particles and the demagnetizing effect, leading to higher permeability and lower coercivity. 34 Because of the nanosized metal particles, the eddy currents produced within the particles are also negligibly small, leading to much lower loss for nanocomposites, compared with conventional microsized ferrites or powder materials. These nanomagnetic structures with high permeability were mostly obtained through sputtering, which cannot yield the thick magnetic films required for antenna applications. Nanoparticle composites in polymer matrices synthesized via chemical synthesis routes can accomplish this. However, they do not show such high permeability as sputtered films, although they have improved frequency stability and lower loss compared with their microstructured counterparts. 28, 33, [35] [36] [37] [38] [39] Anisotropic one-dimensional nanostructures based on nickel or cobalt nanowires or filaments have been studied to overcome the limitations of isotropic nanocomposites. Nanowire composites with crystallographically oriented cobalt of high magnetocrystalline field anisotropy showed permeability of 3.5 and loss of 0.045 up to 4.5 GHz. 40, 41 A brief summary of the microwave properties of magnetodielectrics is provided in Table I .
Polymer nanocomposites loaded with metal nanoparticles also show enhancement in permittivity with higher metal-filler content. The additional polarization, which is strongly frequency dependent, occurs because of charge redistribution at metal-polymer interfaces that creates electric dipoles. Permittivities of $10 are typically seen in metal-polymer nanocomposites in the 1 GHz to 5 GHz range with oxide-passivated nanoscale particles. 42 Several models have been proposed in the literature to explain the dielectric properties of metal-polymer nanocomposites. [43] [44] [45] The models suggest that the particle conductivity, size, and permittivity of the medium surrounding the nanoparticles influence the dielectric relaxation frequency. Beyond the relaxation frequency, the permittivity of the nanocomposite approaches that of the matrix.
Although several reports are available on the microwave properties of metal nanocomposites, [33] [34] [35] [36] [37] [38] [39] integration of magnetic nanocomposites as thin (20 lm to 100 lm) films on an organic substrate for low-cost microwave applications, and their characterization by probing planar inductive and capacitive structures to study magnetic and dielectric properties simultaneously, have not been reported. Such integration using standard package fabrication technologies and high-frequency characterization of magnetic polymer nanocomposite films are critical to understand their applicability for low-cost organic packaging. This paper thus investigates the processing and properties of novel magnetic nanocomposites for their magnetic permeability, dielectric constant, and dielectric loss up to 2 GHz. Based on these measurements, the suitability of these materials for high-frequency antenna applications is assessed.
EXPERIMENTAL PROCEDURES
Commercially available cobalt nanoparticles (Strem Chemicals, Inc., Newburyport, MA, USA), synthesized by carbonyl decomposition and passivated with a layer of sodium dioctylsulfosuccinate (AOT) surfactant to protect the surfaces, were used. The AOT coating, in conjunction with the native oxide, prevents oxidation during initial handling.
Polymer Matrix Selection
Epoxies were used as the polymer matrices on organic substrates because of their process compatibility with standard package fabrication. AOT-coated 5-nm cobalt nanoparticles were directly mixed and milled with the monomer solution. The oxide-passivated cobalt nanoparticles, on the other hand, were first milled in a solvent (propylene glycol methyl ether acetate, PGMEA; CAS no. 108-65-6) medium. This process results in the disintegration of aggregates to obtain finely dispersed spherical Co nanopowder in PGMEA. Epoxy resin (EPON828ä; Momentive Performance Materials, USA) was added to this suspension and again milled for 6 h, followed by addition of curing agent (EPIKURE 3300; Momentive Performance Materials, USA) and final mixing for 2 h.
Scanning electron micrography (SEM) images for the two nanocomposite systems are shown in Fig. 1a , b. The nanocomposite with 5-nm particles showed well-dispersed particles, while the other system with 25-nm nanoparticles showed larger features of 100 nm, indicating some particle aggregation. To fabricate the toroid test structures, dried metal-polymer composite was crushed and drypressed in a steel mold, followed by curing the polymer. Magnetization (B)-field (H) loops were obtained by using a vibrating-sample magnetometer (VSM, 736 series; Lakeshore). Measurements up to 500 MHz were performed using an impedance analyzer (4291B; Agilent).
Fabrication of Thin-Film Characterization Test Structures
To fabricate thin-film structures by screen-printing, the suspension was converted to a high-viscosity paste by heating it in a nitrogen-flow oven to slowly evaporate the solvent. Cu-cladded FR-4 (flame-retardant) laminates were used as the substrates for fabricating the test structures. The laminate consisted of 18-lm copper cladding on a glass-polymer composite, usually referred to as FR-4. The polymer consists of epoxy with flame retardants and other additives to increase the glass-transition temperature and lower the coefficient of thermal expansion (CTE). Traditional processes that are compatible with existing infrastructure such as screen-printing, mechanical viadrilling, and wet metallization using electroplated copper were employed. With thicker vias and higher solid loading, screen-printing did not give good process control. Hence, stencil-printing followed by mechanical drilling of vias (Quick Circuit 7000; T-Tech, Inc., Norcross, GA) was used in such cases. Drill bits of 0.5 mm (Megatool; Drill Technology, Ada, MI) were utilized for drilling the vias. The top metal layer was formed through a semiadditive process constituting seed-layer deposition, photoresist patterning, and plating, followed by photoresist and seed-layer removal. These process steps are described in Fig. 2 .
Optical micrographs of the test vehicles with mechanically drilled vias and electroplated resonator test structures are shown in Fig. 3a . The structure is composed of two metal layers separated by the nanocomposite dielectric. As seen in Fig. 3b , the top metal is framed with another metal layer, which is shorted to the bottom metal with a series of vias with diameter of 0.5 mm. The gap between the framing metal and the top metal is 0.1 mm, and the width, w, of the framing metal is 0.7 mm. The electric wall, created by the series of vias that short the frame to metal, transforms the parallel-plate resonator into a box resonator, created by organic substrate technology. The response of the resonator can be measured using ground-signal-ground (GSG) air probes. The structure is excited by probing it at the corners, such that the signal tip of the probe lands on the top metal while the ground tips land on the frame. In the case of magnetodielectric substrates, however, a parallel-plate resonator is useful only in the frequency range up to the first antiresonance in the transmission impedance response, Z 12 . In this frequency range, because of the inherent capacitive behavior of the parallel-plate resonator, the impedance response is more sensitive to changes in permittivity, making it possible to characterize the dielectric properties almost independently of the magnetic properties. Therefore, the frequencydependent data can be extracted by starting with an approximate value for permittivity and by fitting the simulated Im(Z 12 ) and Re(Z 12 ) values to the measured values to extract the relative permittivity and dielectric loss, respectively.
Similar to the idea of using the inherently capacitive behavior of parallel-plate resonators to characterize the permittivity, structures with inductive impedance response can be used to characterize the permeability. Strip inductors obtained by shorted microstrip lines were used to measure the inductive impedance response. The characterization process starts with vector network analyzer (VNA, 8720ES; Agilent) s-parameter measurements and thickness data, followed by curve-fitting of the simulated Z 11 data to the measured Z 11 (self-impedance) data. The relative permeability and magnetic loss tangent were used to fit the imaginary and real parts of the simulated data to the measured data.
RESULTS AND DISCUSSION
The fabricated films were characterized by x-ray diffraction (XRD) analysis to confirm the presence of the crystallographic metal phase. Films with 25-nm particles showed stronger face-centered cubic (FCC) cobalt phase (Fig. 4) . The finer (5-nm) nanoparticles showed weak peaks, as suggested by the manufacturer's data. The low saturation magnetization (M s ) and weak peaks indicate the presence of a significant volume of cobalt oxide on the surface, although these are referred to as cobalt-polymer nanocomposites hereinafter.
The cobalt-polymer (5-nm particles) toroids showed stable permeability, as shown in Fig. 5 . Permeability of 2.6 to 2.65 was measured in the frequency range of 70 MHz to 500 MHz with steady loss of 0.03 to 0.04. Nanocomposites with 25-nm particles showed permeability of 2.15 to 2.25 in the same frequency range. However, the magnetic loss systematically increased from 0.01 to 0.02, although still being less than the dielectric loss of traditional epoxies. The B-H curves obtained from VSM measurements are shown in Fig. 6 . The M s for the nanocomposites with 25-nm nanoparticles was 60 emu/g, while that for the 5-nm nanocomposites was 25.2 emu/g. In spite of having the same metal content, the M s is different because of the higher oxide fraction for the finer nanoparticles. The key properties are summarized in Table II . The theoretical M s value of cobalt is 160 emu/g. For 80 wt.% nanoparticle loading in the nanocomposites, the theoretical M s is 128 emu/g. This indicates that 50 wt.% (for the 5-nm system) and 80 wt.% (for the 25-nm system) of the nanoparticles consist of oxide.
The oxide content is also evident from x-ray photoelectron spectroscopy (XPS) studies (data not reported here) showing strong shoulder peaks corresponding to cobalt in the +2 and +3 oxidation states.
Both curves show high remanence (18.4 emu/g for 25-nm particles, 5.4 emu/g for 5-nm particles) and coercivity (648 Oe for 25-nm particles, 115 Oe for 5-nm particles) compared with traditional soft magnets. When the particle size is small enough to form single domains, the coercivity of nanoparticles is controlled by the magnetic anisotropies and surface effects arising from distortion in the symmetry fields at the surface. 32, 46, 47 The coercivity is further aggravated in oxide-passivated nanoparticles because of various surface anisotropies such as ferromagnetic-antiferromagnetic exchange anisotropy at CoO-Co interfaces, as described by Berkowitz and Takano. 48 The relatively stable permeability with 5-nm particles is attributed to the finer size and lower coercivity that resulted in suppressed eddy-current and hysteresis losses. Based on the stable loss properties, 5-nm cobalt nanoparticles were chosen for high-frequency characterization. The inductor and parallel-plate resonators were modeled in Sonnet with the test-vehicle electrode and dielectric geometries in order to accurately model the losses. Characterization was performed up to 2 GHz, beyond which the resonance frequency of the inductor affects the measurements. Characterization of high-frequency magnetic properties was performed by matching the simulated impedance data from Sonnet to the measured impedance data at every frequency point to within 1% accuracy. Sensitivity analysis showed that the permittivity, permeability, and loss tangents converge to $1% for this level of impedance matching. The characterized values for the relative permeability and magnetic loss tangent are shown in Fig. 7a . The cobalt-polymer nanocomposite with 5-nm Co particle size showed a l r of 1.95 ± 0.05. Similarly, Fig. 7b shows the extracted values for the relative permittivity and dielectric loss tangent. As seen in this figure, the relative permittivity is constant at 7.4 ± 0.2 and the dielectric loss increases with frequency. The deviation from one sample to another was within 5% and was attributed to local thickness nonuniformity within the device from the paste-printing process.
In one-port measurements with inductive resonator structures, network analyzer probes add significant parasitics. Hence, the magnetic loss tangent is expected to have an additional source of error. High permeability in magnetic nanocomposites usually results from superexchange coupling between nanoparticles. The relatively lower permeability values in the current nanocomposites indicate that such interparticle interactions are weak because of the increased separation between the particles from the relatively lower metal particle loading in the polymer matrix and their packing density. The processing steps such as ball-milling and curing during polymer composite processing result in significant oxide growth, which suppresses interparticle exchange coupling. The isolated particles retain substantial demagnetization, high coercivity from the metal-oxide exchange anisotropy, 48 and poor interparticle coupling. The high losses of 0.1 at 1 GHz to 2 GHz are attributed to the high coercivity from the single-domain particles combined with surface and interface effects, size and structural inhomogeneities that cause broad ferromagnetic resonance. [49] [50] [51] These are frequently referred to as extrinsic damping mechanisms. With further optimization of the synthesis and processing to reduce the oxide shell thickness and increase the particle loading in the polymer and packing density, these problems could be addressed, leading to higher permeabilities and suppressed losses.
The high dielectric losses from dipole relaxation at 1 GHz to 5 GHz are also of concern with metal nanoparticle-polymer composites. The strategies for lowering this loss are not well understood, though literature indicates that the relaxation frequency can be shifted away from the operation frequency by varying the particle conductivity, size, and core-shell structures. 45 Metal nanoparticles dispersed in the epoxy matrix thus show twofold enhancement in permittivity and permeability compared with traditional polymer dielectrics. This results in $twofold reductions in antenna size. The losses are comparable to those of low-loss epoxies in the very high-frequency (VHF) and ultrahigh-frequency (UHF) range ($0.02, 100 MHz to 500 MHz), making them attractive for applications in this frequency range. A permeability of 2.5 and permittivity of 7.5 with a low magnetic loss of 0.02 in the VHF and UHF frequency range enable significant antenna size reduction with higher bandwidth than traditional RF dielectrics. These properties are superior to other metal nanocomposites 27 and ferrites 19, 28 reported in the literature till 0.5 GHz. However, hexaferrites 18 and certain nanoscale anisotropic metal nanocomposite structures 38, 40 are reported to have higher permeability and improved frequency stability above 1 GHz compared with the nanocomposites studied here. The degradation of properties in the current nanocomposites is attributed to the demagnetization and ferromagnetic resonance (FMR) broadening in the oxide-passivated nanoparticles. With further reduction in the oxide shell thickness and improved nanoparticle packing, higher permeability and lower losses can be retained at GHz frequencies. This will make them more suitable for a broader set of applications.
CONCLUSIONS
This paper describes a metal-polymer nanocomposite dielectric approach for high-frequency RF applications. The frequency-dependent magnetic properties were extracted by using an impedance analyzer. The metal nanocomposite structure showed both high permittivity and permeability and low losses in the VHF and UHF frequency range.
The GHz frequency-dependent material characteristics of the magnetodielectric films were extracted from corner-probing of parallel-plate resonators and strip inductors. Permeability of $2 and permittivity of $7.4 above 1 GHz frequency were demonstrated with the thin-film approach. Though eddy-current losses are suppressed in these systems, the high coercivity and resonance damping lead to high losses above 1 GHz. With further reduction in loss, the magnetic nanomaterials described herein could be applied to antenna and other RF components, leading to significant miniaturization and performance enhancement.
A process to integrate nanoscale metal composites at high loading onto organic substrates as thin-film build-up layers using standard packaging technologies such as screen-printing, mechanical via-drilling, and electroplating has also been demonstrated.
